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We propose a novel approach to accurately pin down the systematics due to the peculiar velocities of galaxies
in measuring the Hubble constant from nearby galaxies in current and future gravitational-wave (GW) standard-
siren experiments. Given the precision that future GW standard-siren experiments aim to achieve, the peculiar
velocities of nearby galaxies will be a major source of uncertainty. Unlike the conventional backward recon-
struction that requires additional redshift-independent distance indicators to recover the peculiar velocity field,
we forwardly model the peculiar velocity field by using a high-fidelity mock galaxy catalog built from high-
resolution dark matter only (DMO) N-body simulations with a physically motivated subhalo abundance match-
ing (SHAM) technique without introducing any free parameters. Our mock galaxy catalog can impressively
well reproduce the observed spectroscopic redshift space distortions (RSDs) in highly non-linear regimes down
to very small scales, which is a robust test of the velocity field of our mock galaxy catalog. Based on this
mock galaxy catalog, we accurately, for the first time, derive the peculiar velocity probability distributions for
the SDSS main galaxy samples. We find that the systematics induced by the peculiar velocities of SDSS like
galaxies on the measured Hubble constant can be reduced to below 1%(1σ) for GW host galaxies with a Hubble
flow redshift just above 0.13, a distance that can be well probed by future GW experiments and galaxy surveys.
I. INTRODUCTION
The coeval detection of gravitational waves
(GW170817) [1] and a γ-ray burst (GRB 170817A) [2]
from the merger of two neutron stars ushered us in a new
era of astronomy. This is the first time that we are able
to study the Universe with both vision and hearing. This
multi-messenger observations of both gravitational wave
(GW) and their electromagnetic (EM) counterparts allow
us to use gravitational wave (GW) as standard sirens [3]:
the intrinsic total gravitational luminosity can be derived
to unprecedented precision from the precise way in which
GW evolves, given the much higher sensitivity of the future
ground- and space-based GW experiments such as the
Einstein Telescope (ET) [4], 40-km LIGO [5], eLISA [6], and
DECIGO [7]; then coupled to the measured absolute strain
amplitude of GW, the luminosity distance Dcos to the source
can be accurately determined as well; finally, from the EM
counterpart, a unique host galaxy can be identified, which
makes it possible to obtain a spectroscopic redshift follow-up
zobs. As such, GW provides a new technique to measure the
Hubble constant from nearby galaxies (redshift z  1)
Hobs0 =
czobs
Dcos
, (1)
where c is the speed of light in vacuum. An advantage of this
technique is that it is based on the first principles of general
relativity rather than the empirical scaling relations that are
widely used in the conventional astronomical distance indica-
tors.
This independent way of getting cosmic distances is of
particular importance, given the current tension between the
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value of the Hubble constant determined by Type Ia super-
novae via the local distance ladder 73.21 ± 0.74 [8] and that
from Cosmic Microwave Background observations (66.93 ±
0.62) [9]. Although significant effort has been made to in-
vestigate this tension, there is no obvious systematic origin
reported [8, 9]. The true reason behind this tension is still elu-
sive. Therefore, a more effective way of measuring the Hubble
constant is urgently called for.
II. SYSTEMATICS OF GW STANDARD SIRENS
At high redshift, the systematics of GW standard sirens are
dominated by the instrumental uncertainty of GW telescopes
as well as the effect of lensing [10]. The instrumental error
σinst is sensitive to the telescope noise power spectral density,
which determines the detectability of the telescope. Due to
the pattern of the antenna, the sensitivity of the telescope also
depends on the sky position (θ , φ). On the source side, the
inclination of the binary’s angular momentum relative to the
line-of-sight direction ι also affects the observed GW signal.
Following Ref. [11], we assume that the source of GW comes
from two neutron stars with 1.44 solar mass each, and the
EM counterpart is a short gamma-ray burst, a highly beamed
phenomenon, that can put constraints on the inclination angle
ι < 20◦. We use the Fisher information matrix to estimate
the error on the luminosity distance, following the framework
presented in Ref. [12]. In our analyses, we treat the sky po-
sition (θ , φ), and the polarization angle ψ as free parameters
and use random sampling with a uniform distribution on the
sky and the polarization angle ψ to estimate the possible range
of errors due to these free parameters. In addition, we estimate
the error due to the lensing effect by [13]
σlens(z) = 0.066
[
1− (1 + z)−0.25
0.25
]1.8
. (2)
ar
X
iv
:1
90
3.
11
25
4v
2 
 [a
str
o-
ph
.C
O]
  2
7 J
un
 20
19
210 1 100
z
10 3
10 2
10 1
(ln
D
co
s) lens
inst
pv
Einstein Telescope
FIG. 1. The predicted errors on the luminosity distance as a func-
tion of redshift for the Einstein Telescope, a third-generation ground-
based observatory. Here, we assume a single GW source that is com-
posed of two neutron stars with 1.44 solar mass each. The shaded
region represents the estimated range of errors due to the instrumen-
tal noise and the geometry of the source relative to the telescope,
such as the location of the source on the sky (θ , φ), the polarization
angle ψ, and the inclination of the binary’s angular momentum rel-
ative to the line-of-sight direction ι. We assume ι < 20◦ and treat
θ , φ , ψ as free parameters. The shaded region is estimated using
random sampling with a uniform distribution on the sky and the po-
larization angle. The solid black line is the error due to the galaxy
peculiar velocities and the blue line is the error due to the lensing ef-
fect. Note that σinst scales with the number of GW events as 1/
√
N .
With 1000 events, σinst can be reduced by a factor of 31.6. There-
fore, at low redshift, galaxy peculiar velocity is the dominant source
of uncertainty.
The shaded region in Fig. 1 shows the predicted range of
the instrumental error on the luminosity distance for a sin-
gle GW event. Here, we focus on the Einstein Telescope,
a third-generation ground-based observatory, for illustrative
purposes. The solid blue line shows the error due to the lens-
ing effect.
Aside from the instrumental noise of the GW telescopes, at
low redshift another major source of uncertainty comes from
the peculiar motions of nearby galaxies. In addition to the
Hubble flow, a galaxy can acquire an additional redshift zpec
due to its peculiar motion. The observed redshift zobs is in-
deed related to the Hubble flow redshift zcos by [14, 15]
1 + zobs = (1 + zpec)(1 + zcos) . (3)
If the velocity of a galaxy is non-relativistic, the peculiar red-
shift zpec is related to the peculiar velocity vpec by zpec =
vpec/c. Equation (3) then gives
zobs = zcos +
vpec
c
(1 + zcos) . (4)
Inserting Eq. (4) into Eq. (1), we obtain
Hobs0 −Hcos0
Hcos0
=
vpec
c
(1 + zcos)
zcos
. (5)
where we have used Hcos0 = czcos/Dcos. From Eq. (5), even
without the instrumental error σinst, the accuracy of measur-
ing the Hubble constant is still limited by the peculiar velocity
field vpec. In a virilized galaxy cluster, vpec can be as large
as ∼ 500km/s. The uncertainty induced by such high-speed
motion is substantial. In Fig. 1, we estimate such error on the
luminosity distance by [16]
σpv(z) =| 1− (1 + z)
2
H(z)Dcos(z)
| σv , (6)
where we set σv = 331km/s. The choice of this value will
be discussed in detail later. From Fig. 1, clearly, at low red-
shift, galaxy peculiar velocity is the dominant source of un-
certainty. Further note that, the instrumental error σinst scales
with the number of GW events as 1/
√
N , which can be signif-
icantly reduced in the future, given the number of GW events
future GW experiments aim to detect. Moreover, combining
different detectors, future advanced GW detector network can
provide better measurements of the source inclination and po-
larization, which can break the degeneracy between distance
and inclination, and, therefore, further improve the accuracy
of the distance measurement. However, the error due to the
galaxy peculiar velocity σpv(z) , on the other hand, is intrin-
sic, which can not be easily mitigated. Therefore, to pin down
the velocity field vpec is crucial to accurately determine the
Hubble constant in the future GW experiments from nearby
galaxies [17].
III. SHAMMOCK CATALOG
However, directly determining vpec is indeed non-trivial.
Usually, a secondary redshift-independent distance indicator
has to be used, such as the Tully-Fisher (TF) relation [18] or
the Fundamental Plane (FP) relation [19, 20]. The former is
a scaling relation for late-type galaxies that express the lumi-
nosity as a power law function of rotation velocity and the
latter is a scaling relation for elliptical galaxy spheroids-bulk
motions. These two relations can provide the largest num-
ber of distance measurements for galaxies, from which it is
possible to reconstruct the bulk motion of galaxies at large
scales. However, this method has several limitations: the dis-
tance indicators only work for particular types of galaxies. For
some types of galaxies, their distances cannot be obtained in
this way. The reconstructed peculiar velocity fields may also
suffer the selection effect, namely, the reconstructed values
depend heavily on the samples used. This is due to the fact
that different types of galaxies intrinsically move differently.
Moreover, in fact, in addition to the coherent bulk motion at
large scales, galaxies also have local random motions. For
galaxies in a virilized galaxy cluster, random motions are the
dominated factor to the peculiar velocity rather than the bulk
motion at large scales. The highly non-linear nature of such
random motions poses a challenge to determine the peculiar
velocity fields accurately.
In order to effectively overcome these difficulties, here we
propose a forward-modeling method. Rather than backward
reconstructing the peculiar velocity field, we forwardly model
3the peculiar velocity field using a high fidelity mock galaxy
catalog that is built from high-resolution N-body simulations,
from which the peculiar velocity field can be explored to very
non-linear regimes.
Usually, mock galaxy catalogs are constructed using phe-
nomenological frameworks, such as the halo occupation dis-
tribution (HOD) [21–24] or the conditional luminosity func-
tion (CLF) [25, 26]. The basic idea of this approach is that
galaxies reside in dark matter halos. And the probability of
the distribution of galaxies is only dependent on the masses of
dark matter halos. However, these approaches neglect some
important effects such as the assembly bias [27, 28]. And they
are also shown to be difficult to reproduce the observed small
scale RSDs unless additional velocity bias is added [29, 30].
Therefore, the velocity field derived from these mock catalogs
cannot be directly used to pin down the systematics in mea-
suring the Hubble constant.
Rather than using the frameworks of HOD, we instead use
the subhalo abundance matching technique [31–36]. This ap-
proach assumes that there is a one to one correspondence be-
tween a property of galaxy and that of a dark matter halo. The
property of the galaxy is identified as its stellar mass (mass
in stars), while the property of the dark matter halo is identi-
fied as the peak value of its maximum circular velocity during
its merger history vpeak. These choices are strongly motivated
by state-of-the-art hydro-dynamical simulations of galaxy for-
mation [37], from which these two properties are shown to be
the most tightly correlated with each other. Moreover, in our
implementation, we do not add any scatter between vpeak and
galaxy stellar mass. So there is no free parameter in our ap-
proach. The advantage of our approach is that it is completely
determined by DMO simulations which are further based on
the first principle of gravity. So assuming GR-ΛCDM, our
approach provides a method that relies only on first principle
calculations to recover the underlining velocity fields.
Our SHAM mocks can be directly compared to observa-
tions. On the observation side, we use the Sloan Digital
Sky Survey (SDSS) main galaxy sample. Specifically, we
adopt the New York University Value-Added Galaxy Catalog
(NYU-VAGC) [26], which is an enhanced version of 7th Data
Release of the SDSS main galaxy sample. The catalog covers
an area of 7732 deg2, which are mainly located in a contigu-
ous region in the north Galactic cap. We also include the three
strips in the south Galactic cap. Based on this catalog, we
construct volume-limited samples that are complete in galaxy
stellar mass (see Ref. [38] for details). On the theory side, our
SHAM mock catalog is based on the Small MultiDark Planck
simulation (SMDPL) [39]. We build a full-sky mock by col-
lating 8 replicas of the box and place the observer at the cen-
ter. Redshift distortion effects are obtained for each galaxy by
projecting its velocity along the line-of-sight to the observer.
We also add exactly the same survey mask as the real data in
our mock galaxy catalog.
In order to mitigate the uncertainty in the estimate of galaxy
stellar mass, we use galaxy number densities instead of apply-
ing a stellar mass threshold to select our galaxy samples. The
idea is to keep the rank-order of galaxies stable. As shown in
Ref. [38], a higher number density can also help to further mit-
igate various systematics. Therefore, we impose a minimum
number density on our galaxy samples n ≥ 0.005[Mpc/h]−3.
In addition, we only consider the volume-limited samples
that have a reasonably large volume in order to mitigate the
impact of the cosmic variance and the impact of missing
long-wave modes on the two-point statistics in galaxy clus-
tering analysis. For this, we only use volume-limited sam-
ples that have the largest radial distance of the volume along
the light-of-sight direction satisfying rmax ≥ 200Mpc/h.
Based upon the above considerations, our final choices are
n = 0.005[Mpc/h]−3 and n = 0.01[Mpc/h]−3. The low-
density sample n = 0.005[Mpc/h]−3 has more total number
of objects due to its relatively large volume and, thereby, is
more robust in the two-point statistics, while the high-density
sample n = 0.01[Mpc/h]−3 is more robust against the impact
of various systematics.
We expand the redshift space two-point correlation function
ξ(rσ, rpi) in terms of Legendre polynomials
ξl(s) =
2l + 1
2
∫ 1
−1
dµξ(s, µ)Pl(µ) , (7)
where Pl(µ) is the Legendre polynomial of order l, s =√
r2σ + r
2
pi and µ = rpi/s. rσ and rpi are the separations of
galaxy pairs perpendicular and parallel to the line-of-sight di-
rection, respectively. Figure 2 shows the predicted multipoles
(monopole ξ0, quadrupole ξ2, and hexadecapole ξ4) of RSDs
(black solid lines) compared to the measurements from the
SDSS data (symbols with error bars). The left panel is for
the low-density sample n = 0.005[Mpc/h]−3 and the right
panel is for the high-density one n = 0.01[Mpc/h]−3. The
predicted RSDs from our mock galaxy catalog agree impres-
sively well with the observations down to very small scales
rs ∼ 0.5Mpc/h, which is true for both the number densities
considered. In addition, we also demonstrate the robustness
of our RSD measurements, using three different estimators of
stellar masses: a template-fit method originally adopted in the
NYU catalog with the SDSS model magnitudes (stars) [40],
the same template-fit method but using SDSS Petrosian mag-
nitudes (circles), and a single-color method (triangles) [41].
From Fig. 2, different stellar mass estimators give very simi-
lar results. Since RSDs, especially the small scale RSDs, are
very sensitive to the motion of galaxies, they provide a robust
test of the galaxy velocity field of our mock catalog.
IV. FORECAST OF THE ACCURACY ON THE HUBBLE
CONSTANT
Based on our high fidelity mock galaxy catalog, we are able
to accurately measure the velocity field of galaxies. Note that
in our mock catalog, the velocity field of galaxies is directly
taken from the velocities of dark matter subhalos, which are,
in turn, based on the first principle calculations in the DMO
simulations. Our results, therefore, are only dependent on the
gravity model assumed.
Figure 3 shows the peculiar velocity probability distribu-
tions along the light-of-sight for our mock galaxy catalog for
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FIG. 2. Redshift-space multipoles (monopole ξ0, quadrupole ξ2, and hexadecapole ξ4) for our SHAM mock galaxy catalog (solid black lines)
and the measurements from the SDSS main galaxy samples (symbols with error bars). Overall, the predictions of our SHAM mock can match
the observations impressively well down to very small scales. Left: galaxy samples with a low number density n = 0.005[Mpc/h]−3. Right:
the same but for galaxy samples with a high number density n = 0.01[Mpc/h]−3. The low-density sample n = 0.005[Mpc/h]−3 has more
total number of objects due to its relatively large volume and, therefore, is more robust in the two-point statistics, while the high-density sample
n = 0.01[Mpc/h]−3 is more robust against various systematics. In order to demonstrate the robustness of our RSD measurements, we show
three different estimators of stellar masses: a template-fit method as adopted in the NYU catalog with the SDSS model magnitudes (stars),
the same template-fit method but with SDSS Petrosian magnitudes (circles), and a single-color method (triangles). The error bars are derived
from 133 realizations using the jack-knife re-sampling technique. The black shaded regions represent the 1σ uncertainty in the theoretical
predictions.
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FIG. 3. The peculiar velocity probability distributions along the
light-of-sight for our mock galaxy catalog. The sample used here
has a number density of n = 0.01[Mpc/h]−3. The solid blue line
represents a Gaussian fit. The velocity field can be reasonably well
described by the Gaussian distribution except the extreme high speed
wings. From this Gaussian fit, we derive the velocity dispersion as
σv = 331km/s.
a galaxy sample with n = 0.01[Mpc/h]−3. The solid blue
4 2 0 2 4
(Hobs0 Hcos0 )/Hcos0 × 100%
= 0.95%(zcos = 0.13)
= 1.19%(zcos = 0.10)
= 1.63%(zcos = 0.07)
FIG. 4. The probability distribution of the systematic errors on the
Hubble constant due to the peculiar velocities of galaxies. Differ-
ent colors represent the results for GW host galaxies with different
Hubble flow redshifts zcos. The solid lines give Gaussian fits to the
errors. For GW host galaxies with Hubble flow redshifts just above
zcos = 0.13, the systematic errors can be reduced to below 1%.
line gives a Gaussian fit to the velocity field
P (v) =
1√
2piσ2v
e
− v2
2σ2v . (8)
5Despite the existence of assembly bias and the fact that the
small scale velocity field involves highly non-linear processes,
the field can still be reasonably well described by a Gaussian
fit except the extreme high-speed wings. The velocity disper-
sion from the Gaussian fit is σv = 331km/s.
Figure 4 shows the systematic errors on the measured Hub-
ble constant due to the peculiar velocity field using Eq. (5).
From Eq. (5), in addition to the peculiar velocity field, the sys-
tematic errors depend also on the Hubble flow redshift zcos,
which is a combination of the Hubble constant and the gravi-
tational luminosity distant zcos = Hcos0 Dcos/c. Different col-
ors represent the results for GW host galaxies with different
Hubble flow redshifts zcos. The solid lines represent Gaussian
fits to the systematic errors. From Fig. 4, the relative errors
drop rapidly with the increasing value of zcos, which can be
below 1% for GW host galaxies with zcos > 0.13.
V. CONCLUSIONS
To summarize, in this work, we have proposed a forward-
modeling approach to accurately measure the underlining pe-
culiar velocity field of nearby galaxies, which is crucial to
measuring the Hubble constant in the future GW standard-
siren experiments. Unlike the conventional backward re-
construction which relies on secondary distance indicators
and some simplified assumptions such as the linear pertur-
bation theory, our forward-modeling approach utilizes high-
resolution DMO simulations to explore the very non-linear
regimes of the peculiar velocity field. An advantage of our ap-
proach is that it is based on the first principles of gravity and
the only assumption made here is that GR-ΛCDM is the cor-
rect cosmological model. However, this assumption is in line
with the GW standard sirens where GR is implicitly assumed
to be the correct theory of gravity. Our approach can make
the measurement of the Hubble constant from GW standard
sirens completely independent of other secondary distance in-
dicators, which therefore can avoid potential systematics as-
sociated with those distance indicators. Another advantage
of our approach is that it is practically applicable. Indeed,
we have already demonstrated our approach using the SDSS
main galaxy sample. Once the GW host galaxies are within
our galaxy catalog, our results can be directly applied. Our
approach can also be naturally extended to future galaxy sur-
veys, such as the dark energy spectroscopic instrument (DESI)
survey [42], in particular, the bright time survey (BGS). The
BGS of DESI covers an area of 14000 deg2, twice as large as
the SDSS main galaxy sample. The survey also has a deeper
r-band magnitude limit r ∼ 19.5, two magnitudes deeper than
that of the SDSS main galaxy survey, from which the volume-
limited galaxy samples can reach z > 0.1 even for samples
with very high number densities. With such a large volume
of galaxies and in combination with the number of detectable
GW events in the future GW experiments, it can produce an
unprecedented measurement of the Hubble constant (< 1% at
a 1σ level) from nearby galaxies.
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